Abstract -A challenge in the prediction of the sediment erosion is the proper estimation of the motion and velocity of the solid particles, where Reynolds average Navier-Stokes (RANS) methods show limited resolution to determine the motion of solid phase affected by flow fluctuations. The present study adopts a modified partially averaged-Navier Stokes (PANS) method to analyse the sediment erosion prediction for Francis turbines. Numerical simulations were carried out to obtain liquid-solid two-phase flow information in entire flow passage of a Francis turbine using Eulerian-Lagrangrian approach. The hydraulic performance such as efficiency and discharge of the turbine achieved experimentally, are used to validate the present simulation method. The results show that the modified PANS model can improve the prediction accuracy and the smallest unresolved-to-total ratio of turbulence kinetic energy, fk, decided with the consideration of the difference between local average grid size and smallest grid size shows a slight accuracy improvement. Based on the two-phase flow field, sediment erosion was predicted in stay vane, guide vane and runner using a semi-empirical equation obtained from an erosion experiment of liquid-solid flow. It is noted that higher physical resolution captured by the turbulence model causes a diminution of the sediment erosion predicted. Further, the numerical simulation reveals that sediment erosion in stay vane is lower than guide vane and runner, whereas the highest values of the erosion intensity occurs in the runner. The sediment erosion due to fine solid particles in the turbine is mainly resulted from cutting. However, high sediment erosion due to deformation is also produced at the leading edges of stay vane and guide vane.
Introduction
Sediment erosion in Francis turbines is a mechanical wear produced in flow components due to the presence of the solid particles in the rivers [1] . This material destruction in hydropower equipment leads to a low efficiency and affects operating reliability [2] .Thus, it is important to develop the effective method for predicting sediment erosion so as to improve this severe situation.
Numerical prediction of sediment erosion based on computational fluid dynamics (CFD) is a powerful tool, in which the turbulence modeling plays an important role to determine the motion and dispersion of the solid particle [3] . For most engineering applications, Reynolds-Average Navier-Stokes (RANS) method is preferable because sediment erosion involves in complicated two-phase flow. Some researchers studied sediment erosion phenomenon using RANS solution with k-ɛ turbulence model [1, 6, 7] , while few studies predicted the sediment erosion in Francis turbines using RANS method based on k-ω SST turbulence model [2, 4, 5] . The result comparisons between two turbulence models indicate that no remarkable differences can be observed except the velocity profiles near wall. Generally, RANS method shows limited resolution to determine the motion of solid phase affected by flow fluctuations [4] and some modifications are necessary to reduce the over-estimated eddy viscosity of the liquid phase [9, 10] . That means attention must be paid to develop non-conventional turbulence models to improve the accuracy with suitable computational resource.
The desirable method for turbulent flow prediction is to solve the fluctuation features with possibly lowest cost. In recent years, partially average Navier-Stokes (PANS) method has been used instead of the conventional RANS method. PANS is a bridge from RANS to Direct Numerical Simulation (DNS), where two parameters quantify the resolution level: the unresolved-to-total ratios of turbulence kinetic energy (fk) and dissipation (fɛ) [6] . The method predicted accurate physics in the flow over a backward-facing step [5] , a cylinder [7] and a hydrofoil [8] . Therefore, it is evident that PANS is suitable for predicting complex turbulence behavior of large scale unsteadiness. Though PANS shows excellent improvements to predict cavitating turbulent flows [14, 15, 16] , there is no information regarding the prediction of liquid-solid two phase flow and sediment erosion by applying this method.
Inspired by their work, the present paper uses a modified PANS model proposed by Huang et al. [5] to improve the threedimensional numerical simulation of the liquid-solid two phase flow in a model Francis turbine, along with sediment erosion prediction of main flow components. .
Numerical Method
The present numerical simulation uses a modified PANS model based on the Eulerian approach, coupled with Lagrangian approach for the dispersed phase. A commercial CFD code, ANSYS FLUENT 15.0, is used to solve the equations. The modified Partially-Averaged Navier-Stokes model has been implemented via user defined functions. The solid particle injection is applied using the disperse particle method (DPM) with scholastic tracking and Discrete Random Walk model (DRW) to predict the dispersion of particles, due to velocity fluctuation in the liquid phase. The continuity and momentum control equations for continuous phase and discrete phase are introduced in literature [12] . For continuous phase, the government equations do not consider variations in density due to the cavitation phenomenon. The following are main equations for this study.
Turbulence Model
The original PANS turbulence model proposed by Girimaji [6] is derived from k-ɛ turbulence model, in which two parameters, the unresolved-total ratios of kinetic energy fk (ku/k) and dissipation fɛ (ɛu/ɛ), are used in the calculation of the turbulence viscosity given in Eq. (1). The subfilter scale stress is modeled with the Boussinessq constitutive approximation.
In this study, the modified PANS model proposed by Huang [5] is used, where fk-field is dependent on timely and spatial flow information. The turbulence model is shown as follows:
where u is the velocity. ρ is the density. p is the pressure. µ is the dynamic viscosity. µt is the turbulent viscosity. Pu is the unresolved production term. The model coefficients σku, σɛu and C*ɛ2 are determined the follow equation:
where the empirical constants are proposed by Launder and Spalding [13] : Cɛ1=1.44, Cɛ2=1.92, σk=1.0, σɛ =1.3. The unresolved-to-total ratio fɛ (ɛu/ɛ) is set to 1.0, due to the flow in all domains is characterized by high Reynolds number. The unresolved-to-total ratio fk (ku/k) sets the cut-off between resolved and unresolved scales for controlling the flow resolution. For evaluating fk that can be support at a given mesh and turbulence length, Eq. (5) has been used.
where l is the turbulence length scale (l=k 1.5 /ɛ). ∆ is the local averaged grid dimension ∆=(∆x∆y∆z) 1/3 .To improve the physical resolution of the turbulence model, CPANS is discussed using Eq. (6) .
where the constant Cµ=0.09. Cm is a coefficient related to the difference between the smallest and the averaged grid dimension depends on the ratio of grid dimension generated in each case of analysis. Table 1 shows a comparison with different Cm value for predicting hydraulic performance of a Francis turbine, whose geometry and performance are explained in the literature [14] . The data for numerical simulation are marked with "Num", and the tested data are marked with "Exp.". For convenience, the hydraulic efficiency of the turbine is calculated using Eq. (7).
where M is the torque acting on turbine runner and H is the head given by Eq. (8).  is the angular speed. Q is the discharge.
g is the gravitational acceleration.
where A represents surface comprising the rotating parts of the runner.τ is stress tensor. Ν is the unit normal vector to the surface. r is the position of the vector respect to the point zero, placing in the top and center of the runner. iz is the unit vector along the axis of rotation. It is noted that the prediction of hydraulic efficiency and discharge is dependent on the model coefficient. The coefficients proposed by Girimaji and Abdol-Hamid [15] , i.e. Cm=3 and CPANS=1, there are not small differences from the experimental data. Among those coefficients, Cm=6 and CPANS=0.5 can yield better prediction accuracy.
Control Equation for Discrete Phase
Equation 9 based on Newton's second law is applied to calculate the velocity of each injected particle.
where vp is the particle velocity. FD, Fp, FB, Fm , FC are the force of drag, pressure gradient, buoyancy, virtual mass and centrifugal forces.
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In this study, the following assumptions are applied: the surrounding flow affects the particle motion, and the interaction between particles and Brownian motion are neglected. The particle shape is spherical and the physical properties of the solid phase are constant during the simulation. Particle distribution is estimated using Discrete Random Walk (DRW) model. The adequate number of particle injection is tracked repeatedly to generate a statistically meaningful sampling. Furthermore, the mass flow rate and exchange source terms for the particle injection are divided equally among multiple stochastic tracks.
Sediment Erosion Model
The sediment erosion over the wall surface produced by the solid particle is modeled as a function of the particle property and velocity, as well as wall surface property. Although the erosion mechanisms remain the same for gas-solid and liquidsolid erosion, previous studies conclude that the erosion model obtained using gas-liquid flow are not suitable for predicting the erosion produced by liquid-solid flow [16] . Further, some changes in the parameters can affect the accuracy of the estimations [17] . The present study applies the semi-empirical equations proposed by Desale et al. [18] as sediment erosion model. The equations are detailed in Eqs (10)- (13) . The total erosion of a ductile material includes a contribution due to cutting and deformation.
The erosion rate due to deformation is calculated using the following relationship [19] :
where ED90 is the erosion rate at normal impact condition and γ is the incidence angle. It is assumed that the erosion wear at normal condition is caused only by deformation. The erosion rate due to cutting EC is predicted by: 
( ).(MSF) .( ) .( ) .( ) .( ) ,
where C is the particle concentration. E0 is an experimental coefficient. MSF is a mean shape factor. HV is the hardness of the surface material in the Vickers scale. . The angle for maximum erosion rate is 25.5 degree and the erosion at 90 degree is estimated considering only deformation erosion. From 0 to 25.5 degree, the erosion increases with the incidence angle. From 25.5 to 75 degree, the erosion decreases with the incidence angle. Finally, for incidence angles near 90 degree, the erosion slightly increases.
The total erosion rate ET can be calculated by: Table 2 shows the averaged sediment erosion rate for different flow components in the turbine based on the prediction. The results indicate that the predicted sediment erosion is relatively stable for Cm=27.5. Among those coefficients, Cm=3 is also suitable for sediment erosion prediction. 
Geometry and Conditions
In this study, a model Francis turbine is used, its performance test has been conducted on a test rig at the Harbin Electric Company Ltd., China .The uncertainty of turbine efficiency is within 0.3%. Fig.1 shows the CFD computation domain, which consists of the model Francis turbine passages: spiral casing, stay vanes, guide vanes, runner and draft tube. The parameters for the model Francis turbine are listed in Table 3 . The operating condition for sediment erosion analysis is listed in Table 4 . Note that the operation condition is near the best efficiency point for the turbine. The properties of the sand particles used in previous studies [12] was considered in the present study, and the detailed information is shown in the Table 5 . Furthermore, the MSF (particle shape factor) is 1.0. A structured mesh is generated throughout the computation domain, as shown in Fig. 2 . Local refined mesh is applied in the region near guide vane, stay vane and runner blade to ensure that the first nodes away from the wall allow to match the y + values recommended for enhanced wall treatment. y + on the surface of the stay vane, guide vane and runner blade is less than 223.
For the mesh independent test, three mesh resolutions are considered. The differences between meshes are the number of nodes in the spanwise direction. Based on the results shown in Table 6 , the medium resolution mesh with 2963290 nodes is selected to perform the simulation. The numerical simulations have been carried out with all domains connected with the boundary conditions and coupling approach imposed as follows:
1. The total pressure is designated at the inlet of the spiral casing 2. A rotating frame is applied for the runner zone, and other regions are in a stationary frame.
3. Sliding mesh interfaces are created between: guide vane outlet flow surface and runner inlet flow surface, runner outlet flow surface and draft tube inlet flow surface. 4. Static pressure is designated at the outlet of the draft tube. 5. Solid walls are set as nonslip boundary conditions. On the other hand, the solid phase injection is applied using Disperse particle method (DPM) at the domain inlet. Fully elastic collision is assumed at the walls. In previous studies of sediment erosion assessment [24, 25] , the analysis of the adequate number of particle injection was carried out to generate a statistically meaningful sampling. Two hundred stochastic tracking tries ensure that erosion on the wall of turbine flow passage is independent of particle number. The steady state simulations are carried out using spatial derivatives discretized through Second Order Upwind scheme. Full pressure-velocity coupling is enabled using SIMPLE algorithm. Further, double precision is considered to improve the computation accuracy. A quantitative assessment about discharge difference was done in the interfaces between the fixed and rotating parts, which was lower than the order of 7.68 x 10 -14 m 3 s -1 . In the same way, the difference between numerical solution and experimental data are lower than 6 x 10 -3 m 3 s -1 . Table 7 shows hydraulic efficiency and discharge predicted by the modified PANS model and standard k-ε turbulence model at BEF operation point. For comparison, the experimental data also is included. Though the predictions by both turbulence models agree well with experimental data for the discharge, a remarkable improvement for hydraulic efficiency prediction is observed by using the modified PANS model. 
Results and Discussion

Liquid Flow in Francis Turbine
Flow Prediction for Solid Phase
Since the erosion is governed by the velocity, incidence angle and concentration of the solid particles at the time of collision, the erosion prediction depends on the solutions of these parameters. The solid particle mass flow of 0.4474 kg/s, corresponding the volumetric concentration of Cv= 0.05% has been analyzed in the following. Figure 3 shows the flow field in the turbine. The velocity of liquid phase is plotted at the left side and that of the solid HTFF 174-8 phase is at the right side. The results depict that velocity difference between particle and water is not large in the flow passage of Francis turbine. This agrees well with the previous studies of liquid-solid two-phase flow performed with fine particles [9, 26] . Near the runner blade, the velocity of solid phase is slower than that of liquid phase. Furthermore, the high velocity magnitude of the solid particle is near the suction surface of guide vane. Figure 4 (a) shows the incidence angle distribution of the solid phase over the vane surface of three flow components. The angle is calculated using Eq. (14) in an offset surface with a distance of half the height of the first cell. .
Velocity Distribution
Incidence Angle
where N1, N2 and N3 are the unit normal vector along axis x, axis y and axis z respectively. vp1,vp2 and vp3 are the particle velocity in x, y and z direction, calculated using Eq. (9). The vector considered for calculations in a surface cell is normal to the center of the surface. The results show that the leading edge of the guide vane and stay vane receives the impact of the solid particle in almost perpendicular direction, while the incidence angle acting on the pressure side of the guide vane and stay vane is lower than the angle for maximum erosion wear (γmax= 25.5 o ) which are between 7 and 12 degree. Furthermore, the solid particle impacts to the runner blade pressure side near the trailing edge with angles close to the angle of maximum erosion and with values higher, between 26 and 62 degree. Near the runner band, the incidence angle is larger.
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Particle Concentration
The volume fraction of solid particle near the passage wall provides an important guideline to locate potential areas of sediment erosion [3] . The concentration contour of solid particle over the vane/blade is shown in Fig. 4 (b) . Generally, the concentration on the suction side is less than that on the pressure side of vane/blade. The numerical results indicate that the concentration is high at the leading edge of guide vane, and the areas with high concentration are not continuous on the pressure side of the runner blade. On the suction side near the runner band, the concentration is not small. Table 8 shows the average sediment erosion rate prediction for runner, guide and stay vane using aforementioned Figure 5 shows the sediment erosion distribution using modified PANS in runner blades (right side), stay vanes (left side) and guide vanes (center). The figures identify the areas of high erosion. The red color indicates the highest value of erosion intensity, whereas a blue color denotes the lowest erosion intensity. Cutting, deformation and the total sediment erosion rates are shown in Fig. 5(a) , 5(b) and 5(c) respectively.
Sediment Erosion Prediction 4.3.1. Effect of Turbulence Model
Sediment Erosion
Based on the results, the following characteristics can be seen when the Francis turbine is operated at the design point: 1. As shown in Fig. 5(c) , the total sediment erosion over stay vanes is lower than that over guide vane and runner, whereas the higher intensity occurs in the runner. The highest values of the erosion intensity are located in scatted regions of the pressure side near the trailing edge of the runner blade. Previous studies [1, 2, 24] have also shown the same situation. It is remarkable that there is no sediment erosion on the suction side of guide vane.
2. The sediment erosion in the aforementioned components is mainly produced by cutting. On the suction side, there is severe sediment erosion on the runner band, and scattered sediment erosion occurs near the trailing edge of stay vane. However, a high contribution of sediment erosion at leading edge of the guide vane and stay vane occurs due to deformation as shown in Fig. 5(b) .
3. The sediment erosion has different location for different flow component. For the runner, scattering areas of sediment erosion occurs on the pressure side and suction side near the band. Erosion due to cutting is more predominant than deformation; for the guide vane, a high sediment erosion rate occurs at two main areas on pressure side: the region near the trailing edge and the leading edge. The erosion near the trailing edge is produced by cutting and the erosion at the leading edge is a combination of cutting and deformation produced by high solid particle concentration and perpendicular impact angle by solid particle; for the stay vane, sediment erosion is produced at the leading edge and scattered areas on suction side near the trailing edge. The erosion intensity at the vane leading edge is higher. Both areas are affected by cutting as show in Fig. 5(a) . Furthermore, a great deformation erosion contribution is produced at the leading edge, as observed in Fig. 5(b) .
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Conclusions
In this study, a modified PANS model was applied to the three-dimensional numerical simulation of liquid flow in Francis turbine. The unresolved-to-total ratio of turbulence kinetic energy, fk, was decided considering the difference between local average grid size and the smallest grid size. The present calculation successfully predicted the hydraulic performance such as discharge and turbine efficiency of the turbine based on the comparison with the experiment. The solid particle flow predictions were carried out using Lagrangian approach and disperse particle method. The sediment erosion in main flow components of the turbine was estimated using an appropriate erosion model.
1. Based on the results of the present study, the following conclusions can be drawn: Higher physical resolution captured by the turbulence model cause a diminution of the sediment erosion prediction. 2. Sediment erosion in stay vanes is lower than guide vane and runner blade, whereas the higher intensity occurs in the runner.
3. Sediment erosion in stay vane, guide vane and runner are mainly produced by cutting. However high deformation erosion is produced at the leading edges of stay vane and guide vane.
